Abstract The chloride concentration in Lake Constance, by volume the second largest lake in Europe, has increased by a factor of 2.4 during the past 40 years. Based on a chloride budget for the year 2006, we estimated total chloride imports to the catchment at 101 kt year -1
Introduction
Sodium chloride (NaCl) is used widely and in large amounts by the human society for various purposes. Despite the broad field of applications, only little is known about its sources and paths through anthropogenic systems, its behavior in the drainage basins of lakes, its effects on aquatic ecosystems, and the man-made acceleration of its environmental cycling (Klee and Graedel 2004) .
Natural sources of chloride in freshwaters are (1) marine spray transferring NaCl into the atmosphere, transport as an aerosol by winds, and wash out by precipitation, and (2) the weathering of rocks. However, chloride in surface waters is to a large extent of anthropogenic origin, increasing with population density, the density of roads, intensification of farming, and solid waste incineration as the main sources. In several regions, the release of chloride is quite substantial. Since some freshwater systems in the northeastern United States approach 25% of seawater salinity, Kaushal et al. (2005) warned of a serious loss of drinking water resources and pointed to an increasing risk for freshwater life.
In countries with strong winters, NaCl applied for road deicing dominates all other sources of chloride release and can harm lake ecosystems (Novotny et al. 2008a ). Kelly et al. (2008) reported a threefold concentration increase of chloride in a New York creek over 20 years and estimated that deicing salts, sewage, water softeners and natural background contributed 91, 4, 3 and 2%, respectively. In New Hampshire streams, Trowbridge et al. (2010) showed that [90% of the chloride originated from road salt. Imported loads amounted to 45-98 t Cl -km -2 year -1 and were correlated with development in the watershed. Lundmark and Olofsson (2007) analyzing the salt content in soils along a major Swedish highway, discovered some 45% of the salt spread in the soil on both sides of the highway. A basin-wide estimation by Thunqvist (2004) estimated that the road salt accounted for half of the river's salt load. Novotny et al. (2008b) estimated that only about 22% of the road salt applied during the winter was exported from the drainage area but 78% remained transiently in the watershed. Similarly, Eyles and Meriano (2010) and Meriano et al. (2009) estimated that approximately half of the deicing salt applied in a city in Ontario, Canada, accumulated transiently in the groundwater and was later released as baseflow into streams during summer.
Degradation of groundwater resources is a major concern in growing urban areas, as elevated chloride concentrations are indicative of anthropogenic impact (Kelly 2008) , and even approach the limits of drinking water quality standards (Howard and Maier 2007) . Surveys in the Greater Toronto Area documented a strong relationship between increasing chloride concentration in the groundwater and urbanization (Williams et al. 1999; Howard and Maier 2007) .
The water quality standard for chloride in the EU directive on surface water regulations is 0.25 g L -1 (EPA 2001). Hart et al. (1991) suspect adverse biological effects when salinity exceeds 1 g L -1 . In outdoor mesocosm experiments, Petranka and Doyle (2010) showed that zooplankton (cladocerans and copepods) and frog eggs as well as hatchlings did not survive at concentrations [1.2 and [4.5 g L -1 , respectively. They further concluded that habitats affected by increased salt concentrations favored salt-tolerant insects.
As large lakes with a long water retention time react slowly to changing inputs, it is important to better understand the processes that control chloride cycling. In the Upper Lake Constance-located in the border triangle of Germany, Austria and Switzerland, the volume-weighted annual mean chloride concentration increased from 2.5 to 5.2 mg L -1 between 1961 and 1987 (Rossknecht 1998; Petri 2006) . A recent 'Green Report' no. 35 (IGKB 2007) on the actual state of Lake Constance reported an all-time high of 6.1 mg L -1 in 2007 without quantifying the sources contributing to the observed concentration increase.
This work
• specifies and quantifies the various sources contributing to the lake's total chloride load.
• establishes the lake's chloride budget based on the import by the main tributaries in Switzerland, Germany and Austria, and data on the application of road deicing salt, urban wastewater, solid waste incineration, and agricultural livestock.
• confirms that chloride can be strongly retained in a lake's drainage basin, and • demonstrates how seasonal changes in chloride load and water discharge combined with the alteration of lake mixing and stratification affect accumulation of chloride in Lake Constance.
Materials and methods
Switzerland, Germany and Austria are bordering Lake Constance, a deep peri-alpine lake of 48.5 km 3 volume (see Fig. 1 ). It is separated into the Upper and Lower Lake Constance with maximum depths of 254 and 46 m, and volumes of 47.6 and 0.8 km 3 , respectively. The corresponding water residence times of the two basins amount to about 4.3 years and 1 month. About 50% of the catchment area is in Switzerland and Liechtenstein, 28% in Germany, 22% in Austria, and a tiny part in Italy. The main tributary is the Alpine Rhine contributing about 64% to the total annual water load (Table 1) .
In order to establish the chloride budget of Lake Constance, we used the following datasets: Fig. 1 Map of Lake Constance with bordering countries and main tributaries 1. Bi-weekly monitored chloride concentration profiles over 12 depths from the long-term monitoring program of Lake Constance for the period 1961 (IGKB 2007 . Annual export loads were estimated from the mean concentrations of the lake, corrected for the seasonal chloride depletion of the surface layer (see below), and the water discharge measured at the gauge station at Neuhausen (hydrological dataset of the Swiss Federal Office for the Environment, FOEN 2288). 2. Chloride concentrations and water discharge of the Alpine Rhine, the main tributary to Lake Constance, were measured in bi-weekly composite samples that were collected quasi-continuously in proportion to water discharge at the gauge company results in a minimum of 6 g Cl -kg -1 and a maximum of 9.5 g Cl -kg -1 waste. We used the mean value of 7.8 g Cl -kg -1 for our estimation. (Data from Amt für Umwelt und Energie, St. Gallen, and Amt für Natur und Umwelt, Graubünden). 9. Eight diverse manure samples were collected from farms with different composition of livestock, and analyzed for total dissolved phosphorus (TDP), total dissolved nitrogen (TDN) and chloride using standard analytical methods (DEW 2002) . 10. Chloride concentration in rainwater was estimated by averaging the mean annual concentrations observed in 2007 at five representative monitoring stations from the Swiss National Air Pollution Monitoring Network (NABEL 2007). 11. Sixteen water works around the lake withdraw an annual average of 172 million m 3 for drinking water supply (Bodensee-Wasserversorgung).
The budget of chloride for Lake Constance, therefore, balances contributions of domestic waste water L Sewer , exhaust washing water of solid waste incineration plants, L Incin , road deicing salt, L Deicing , chloride leached out of soil, L Soil , chloride imported by precipitation, L Precip : with the export through the outlet, L out , and the withdrawal for drinking water supply, L WS :
V is the volume of the lake and D[Cl -]/Dt the change in the lake's average chloride concentration during the time span Dt.
Results and discussion
As Fig. 2 shows, the mean annual chloride concentration of the Upper Lake Constance increased mainly in three phases, by 2.5 mg L 1980-1985, 1988-1990, and 1992-1996 by 0.7, 0.8, and 0.7 mg L -1 . A Mann-Kendall trend test confirms the general upward trend with t = 0.68 and p = 3.9 9 10 -11 . The annual mean chloride concentrations of the Alpine Rhine and of the remaining catchment both show the increasing tendency as well. The mean concentrations calculated from monitoring data of seven major tributaries in Germany and Austria exceeded the lake water concentration about twofold, and the concentration of the Alpine Rhine about three to fivefold.
A more detailed look at the hydrological regime of the Alpine Rhine since 1984 in Fig. 3a shows strong seasonal variations with minimum water discharges in winter and peak flows in summer. Contrary to the winter minima varying quite regularly with a frequency of 0.2 year -1 , the amplitudes of the summer peaks did not show an obvious regularity. The chloride load (Fig. 3c ) often peaked in early summer when the water discharge ( Fig. 3a) was low. However, additional sharp and high peaks appeared in all seasons. The increasing trend in chloride concentration in Lake Constance shown in Fig. 2 , and the increasing trend in chloride load (Fig. 3c) opposing the long-term trend of the water discharge (Fig. 3a) are indications that the increased chloride load to the lake is not due to increased river discharge. The seasonal Mann-Kendall test confirmed the increasing trend for chloride concentration and load with t = 0.23, p = 2.6 9 10 -9 , and t = 0.41, p = \2.2 9 10 -16 , while the trend of the water discharge was very weak with t = 0.016, p = 0.69.
Chloride behaves conservatively in surface waters, i.e., it does not participate in biogeochemical processes, and its uptake by phytoplankton is negligible compared to the large reservoir. Thus, the steady state chloride concentration in the lake must equal the mean input concentration of all tributaries, [Cl -] in independent of the lake's flushing rate. However, as shown in Fig. 4 
This is a consequence of the high import of Cl -during winter and early spring (see Fig. 3c ) when the lake is not stratified. With progressing stratification, the tributaries carry lower Cl -loads and, together with rain, remain in the lake surface layer causing its transient chloride depletion. As a consequence, the annual average chloride concentration of the water leaving the lake via its outlet is about 7% lower than the average lake concentration, resulting in b aver = 0.93. This is an important process contributing to the accumulation of chloride in the lake in spite of its conservative behavior.
Apart from the Cl -export via the lake's main outlet, the drinking water withdrawal by 16 water works amounting to 172 million m 3 year -1 , or 1.0 kt of Cl -in the year 2006 is the only considered sink. A possible but likely insignificant influence of groundwater to the lake's Cl -balance was neglected due to the sparseness of data.
Due to the law of mass conservation, the chloride concentration in the lake can only increase at times when the average concentration of all tributaries exceeds the lake's surface water concentration. In case of the Alpine Rhine, this situation prevails only during a few winter months (compare Figs. 2, 3b, 4) . During these periods, however, water discharge of the Alpine Rhine is minimal and thus carries only a small load (Fig. 3c) . For the rest of the year, the Alpine Rhine dilutes the lake water with respect to chloride, suggesting that it cannot explain the chloride concentrations increasing up to the present level.
In the following we draw a detailed picture of all relevant sources that constitute the chloride concentration in Lake Constance (Table 2) . 
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Tributaries
The River Rhine contributes about 35% and the German and Austrian tributaries add the remaining 65% to the total annual chloride input to Lake Constance. From 1995 to 2002, the total measured loads approximately matched the estimated export, whereas from 2003 to 2006 the import exceeded the export (Table 3) . This agrees well with the observation that from 1995 to 2002 the in-lake chloride concentration decreased but increased afterwards (Fig. 2) . Figure 5 depicts the progression of the lake's chloride content starting out from the content in the year 1994 and adding the annual difference between monitored input and output (Table 3) , and compares it with the lake's chloride content obtained from the biweekly monitoring program. The striking consistency of the two datasets indicates that the presented budget considers all relevant sources with excellent accuracy.
Urban wastewater
Applying the estimated annual release of 8 kg Cl -per person equivalent to the population of 943,000 in the catchment of the Alpine Rhine suggests that wastewater contributed 7.54 kt year -1 corresponding to about 1/3 of the annual Cl -load of the Alpine Rhine. Eighteen sewage treatment plants discharge directly into the lake and thus were not included in the river monitoring. They treated wastewater of 578,000 inhabitants (Federal Office for the Environment, FOEN) releasing 4.62 kt Cl -, or 6-10% of the total annual chloride load to Lake Constance (Table 3) .
Solid waste incineration
In Switzerland, solid waste is incinerated. The exhaust of the incineration plants is washed with water, which after treatment is released to surface waters. In 2006, the incineration plants from Buchs Export from the lake was calculated from water discharge at station Neuhausen and the average annual concentration published in IGKB (2007) catchment is 1,559 mm year -1 (CRU 1961 (CRU -1990 . The Alpine Rhine sub-catchment receives 1,919 mm year -1 , corresponding to a chloride load of 2.02 kt year -1 . The remaining catchment precipitation of 1,138 mm year -1 adds another 0.68 kt year -1 . In order to estimate the precipitation directly onto the lake surface, we used the 30-year average precipitation of 1,309 mm at the station St. Gallen (Switzerland), resulting in an annual chloride input of 0.10 kt Cl -year -1 . All data are presented in Table 2 . For estimation of natural weathering, we used the export rate of chloride from extensively used land (extensive farming, forest, and barren land) of 1 g m -2 year -1 from Zobrist and Reichert (2006) , which includes also the load from precipitation.
Road deicing salt
In Germany as well as in Switzerland, highways are serviced by the counties/cantons while municipal roads are the responsibility of municipalities. Collecting information on road salt applications was an elaborate task, and the compiled loads certainly underestimate the true loads, also because not all municipalities could provide data and no information from the private sector could be included. Amounts of salt applications varied by a factor of five between years but were 7. 35, 5.40, 3.73 As can be seen from Table 2 , deicing salt dominated all other inputs. Furthermore, depending on winter weather conditions, it is the most variable chloride source but correlates amazingly well with average winter temperatures (Table 4) If the amount of chloride applied as deicing salts in the Alpine Rhine catchment (19.3 kt) would be transferred to surface waters during the four winter months a mean load of 1.9 kg s -1 resulted on top of the base load in late summer and fall. Contrary to this expectation, Fig. 6 shows that the chloride discharge of the Alpine Rhine raised only by 0.2-0.4 kg s -1 during the period March to June, suggesting that the main fraction of the deicing salt does not readily flow via street sewers into surface waters but rather seeps into soils from where it is leached slowly, probably only during the precipitation-rich spring and summer month, and possibly only after many years. As shown in Table 2 , input and output of chloride do not balance in the River Rhine catchment. Even on an annual basis, the input is almost twice as high as the output (monitored by the NADUF program). The only possible transient storage for chloride is its accumulation in the soil, especially along roadsides and in groundwater. Point sources (L sewage and L incin ) that discharge chloride directly into the water, contributed 10.3 kt Cl -year -1 to the load determined in the River Rhine leaving only 12.4 kt Cl -year -1 to be washed out of the soil. Accordingly, in 2006 soil and groundwater stored 18.0 kt Cl -year -1 .
Agriculture
Apart from deicing salt, manure applied to cultivated land and the weathering of soil contribute to chloride transfer from soil to surface waters. In the drainage basins of Lake Constance, livestock is statistically documented. One livestock unit (LU) is equivalent to a dairy cow of 600 kg weight generating 15 kg P and 105 kg N per year as manure (FOEFL 1994) . We analyzed eight different manure samples from the Canton of Lucerne and observed average N/P, Cl/P and Cl/N ratios of 8.3, 2.9, and 0.4, respectively (Table 5 ). Based on the Cl/N and the Cl/P ratios and the mentioned annual N and P production rates, we estimated an average chloride excretion of 42 kg year -1 . Probably Chloride content of Lake Constance calculated from biweekly lake monitoring data (diamonds, bold line). Circles (dotted line) depict the progression of the lake's chloride content estimated from tributaries monitoring, direct inputs, and export (data from . This estimate of chloride loading from livestock may double-count some chloride that enters the watershed through atmospheric deposition and is incorporated into forage. The error introduced by this approximation is expected to be small.
As Fig. 7 demonstrates, livestock decreased from 1980 to 2003 but was nearly constant since then. Its absolute numbers deviate from those mentioned above because the drainage basin of Lake Constance is only a fraction of the region on which Fig. 7 is based on. However, as we assume 
) N:P Cl:P Cl:N that this trend also applies to the catchment of Lake Constance, the presented results suggest that livestock husbandry cannot explain the most recent increase in the lake's chloride concentration.
Overall budget
For 2006, we itemized the various chloride imports to the total catchment of Upper Lake Constance in Table 2 . Deicing salt, wastewater, manure, soil weathering, precipitation, and solid waste incineration contributed 52, 23, 11, 9, 3 and 3% to the total load of 101 kt Cl -year -1 within the catchment. In 2006, the total chloride import to the catchment exceeded its loss via tributaries and direct input to Lake Constance (69.7 kt year -1 ) by 45% (31.6 kt year -1 ), suggesting that this fraction was transiently stored in the soil or groundwater. Recent investigations by Rhodes et al. (2001) and Bastviken et al. (2006 Bastviken et al. ( , 2007 confirm that chloride originating from deicing salts is not readily washed out during the following spring but may be retained in the soil and eluted over many years. This is supported by a study of environmental consequences of road salt application in Austria by Wresowar and Sieghardt (2000) , and more recently by Lundmark and Olofsson (2007) , who estimated that about 40 and 45% respectively, of the street salt was dispersed to the roadside and adjacent land by tires and wind, explaining why the runoff of deicing salts may be strongly retarded.
If we subtract the amount of deicing salt (52.2 kt year -1 ) from the total chloride imports to the catchment (101 kt year -1 ) and divide this difference (48.8 kt year -1 ) by the average annual water discharge (1.16 9 10 10 m 3 year -1 ), we obtain the expected average chloride concentration of the water reaching Lake Constance if no deicing salts were applied in its drainage basin (4.2 g m -3 ). Here, we implicitly assume that the use of deicing salt was negligible before the early 60s. As chlorides are known to behave conservatively in lakes, this value represents the expected lake concentration. Hence, the chloride concentration in the lake could have risen from 2.5 g m -3 in 1961 to 4.2 g m -3 but not to the present 6.1 g m -3 if no deicing salts were applied. Road salt application is, therefore, responsible for an increase of 6.1-4.2 = 1.9 g m -3 , or 45%, of the observed increase since 1961. The remaining 55% must be attributed mainly to household wastewater and changing farming practices. If all chloride that is emitted in the catchment annually (101 kt) would reach the lake without delay, the expected concentration of chloride in Lake Constance would rise to 8.8 g m -3 .
Summary and conclusions
The good agreement between monitored chloride input by tributaries, the chloride export from the lake (Table 3 ) and the increase in the lake's concentration (Fig. 5) indicates that this study has captured all relevant sources of chloride to the lake. Averaged over the last 13 years, the lake received a total of 60 kt of chloride per year. The River Rhine contributed about one-third, and two-thirds originated from the remaining catchment drained by various small rivers, as well as via direct wastewater discharge into the lake. In other words, the largest tributary, the River Rhine, can neither explain the evolution nor the present chloride concentration of Lake Constance. The collected data indicate that in moderate to densely populated catchments characterized by cold and wet winters, anthropogenic activities, e.g., deicing, wastewater production and farming, might increase the natural chloride transport to the lake almost ninefold (Table 2) .
Although chloride behaves conservatively, applied as deicing salt to streets or with liquid manure to cultivated land, it can be transiently stored in the soil, retarding its transport to surface waters.
Finally, we conclude that the observed increase in the chloride concentration in Lake Constance is due to about 45% by road deicing salts, whereas wastewater, farming, and incineration of solid wastes are responsible for the remaining 55%.
The present chloride concentration in Lake Constance is clearly below levels where adverse biological effects could be traced. However, this work documents that anthropogenic activities can increase the fluxes of elements and accelerate natural element cycling significantly, in the case of chloride in the Lake Constance catchment, by a factor of almost nine.
To our knowledge this is the first study dealing with the chloride budget of a lake with a surface area as large as 470 km 2 and a drainage basin extending over 11,000 km 2 . Obviously, combining gathered puzzle pieces of information and interpolating missing links can result at best in an approximation rather than in a pin-sharp precise picture of reality. However, if this paper succeeds in stimulating discussion and provokes additional, possibly controversial studies, it fully attained its goal.
